Abstract The observed strengthening of the Northern Hemisphere (NH) polar vortex after tropical volcanic eruptions appears to be underestimated by coupled climate models. However, there are only a limited number of observed eruptions, which makes the attribution of volcanic signals difficult, because the polar vortex is also influenced by other external forcing factors as well as internal variability. We show with a 100-member ensemble of historical simulations with the Max Planck Institute Earth System Model that an ensemble larger than what is provided by the Coupled Model Intercomparison Project Phase 5 (CMIP5) models is needed to detect a statistically significant NH polar vortex strengthening. The most robust signal can be found when only the two strongest eruptions (Krakatau and Pinatubo) are considered in contrast to including smaller eruptions to increase the sample size. For these two strongest eruptions, the mean of 15 CMIP5 models shows a statistically significant strengthening of the NH polar vortex as well.
Introduction
By injecting large amounts of sulfur dioxide (SO 2 ) into the stratosphere, explosive tropical volcanic eruptions cannot only impact Earth's radiation budget but also change atmospheric dynamics [e.g., Robock, 2000; Timmreck, 2012, and references therein] . Observational records indicate a strengthening of the climatological westerlies of the Northern Hemisphere (NH) stratospheric polar vortex in posteruption boreal winters [e.g., Kodera, 1995; Graf et al., 2007] . However, the simulated vortex response to volcanic eruptions in the "historical" experiments of the Coupled Model Intercomparison Project 5 (CMIP5) [Taylor et al., 2011] seems to be small in comparison with observations and to a large extent statistically insignificant [Driscoll et al., 2012; Charlton-Perez et al., 2013] .
The observed NH polar vortex response to tropical volcanic eruptions is uncertain due to the limited number of satellite observations, which are only available after the eruptions of El Chichón in 1982 and Pinatubo in 1991. For eruptions prior to the satellite era, the significant shift of the North Atlantic Oscillation in the posteruption winter [Christiansen, 2008] is, in general, assumed to indicate a stronger stratospheric polar vortex, but the magnitude of the strengthening is uncertain. This uncertainty is reflected in the large model spread obtained in simulations of the NH polar vortex response to tropical volcanic eruptions [Charlton-Perez et al., 2013] . The uncertainty is due to several sources: forcing uncertainty, spread of the forcings, model uncertainty, and internal variability. The forcing uncertainty is partly due to incomplete knowledge of the aerosol loading and distribution after eruptions before but also during the satellite era [Stenchikov et al., 1998; Arfeuille et al., 2014] . Small differences in the volcanic forcing, and hence in the space-time structure of the temperature anomaly in the lower tropical stratosphere, can have impacts on the response of the NH polar vortex [Toohey et al., 2014] . The spread of the forcings is a source of uncertainty if different eruptions are averaged to increase the sample size. Model uncertainty emerges because different models may simulate different responses to the same volcanic forcing. Internal variability arises in the atmosphere, ocean, or the coupled system in the absence of any external forcing and occurs because of coupled nonlinear dynamical processes [Madden, 1976; Feldstein, 2000] . The NH polar stratosphere is a region prone to large variability on interannual, interseasonal, and weekly time scales [Waugh and Polvani, 2010] . The internal interannual variability in the polar stratosphere arises both from nonlinearities within the polar stratosphere itself [Holton and Mass, 1976; Scott and Polvani, 2006] as well as from variations remote from the polar stratosphere, such as the quasi-biennial oscillation (QBO) [Labitzke and Van Loon, 1988; Anstey and Shepherd, 2013] An assessment of the response to volcanic eruptions in CMIP5 models has been conducted by Driscoll et al. [2012] . The underlying assumption is that the multimodel mean potentially shows a more reliable response to the volcanic forcing compared to a single model because of the reduction of model uncertainty and internal variability (see Tebaldi and Knutti [2007] for the climate change signal). Averaging over the nine strongest tropical eruptions, Driscoll et al. [2012] conclude that climate models fail to reproduce the observed posteruption dynamical changes, which highlights that even when combining different eruptions to increase the sample size, a substantial uncertainty in the response remains.
Additionally, individual models provide only a small number of ensemble members and due to different forcing sets used by the models, it is difficult to quantify the contribution of internal variability, model, and forcing uncertainty to the total uncertainty. Pausata et al. [2015] investigated with a large ensemble the influence of a northern high-latitude eruption on the surface temperature and precipitation. They found that an ensemble of 20-40 members is necessary to discern the volcanic temperature signal from the internal variability on regional scale. However, Pausata et al. [2015] focused on a single eruption in an idealized setting. Here we use a 100-member ensemble of transient simulations by the Max Planck Institute Earth System Model in its Low Resolution configuration (MPI-ESM-LR) to provide an estimate of the contribution of internal variability. Similar to Pausata et al. [2015] and Deser et al. [2010] , who investigated the signal-tonoise ratio for the climate change signal, we address the question: "How many ensemble members are needed to identify a significant response to volcanic eruptions?" and focus on the NH polar vortex. Furthermore, we use 15 CMIP5 models to investigate whether or not the practice of averaging over many eruptions is optimal to obtain a robust response of the NH polar vortex.
Methods
We use a 100-member ensemble of historical simulations from 1850 to 2005 of the MPI-ESM-LR in an updated version of the same model used in CMIP5 [Giorgetta et al., 2013] , which is evaluated by numerous studies [e.g., Reichler et al., 2012; Cattiaux and Cassou, 2013; Charlton-Perez et al., 2013] . The MPI-ESM-LR is a fully coupled atmosphere-ocean model Stevens et al., 2013] including land and ocean biogeochemistry processes [Ilyina et al., 2013; Reick et al., 2013] with a spectral horizontal resolution of the atmosphere of T63 (approximately 1.9°× 1.9°at the equator) and 47 vertical layers. At this vertical resolution, the MPI-ESM-LR does not simulate a QBO [Schmidt et al., 2013] . Individual ensemble members only differ in their initial conditions. Anomalies after volcanic eruptions are defined as the difference between the posteruption winter and a pre-eruption reference period. Details about the model version, the simulations, and the eruptions are given in the supporting information.
The minimum number of ensemble members needed to identify a significant response is determined based on a resampling method, explained in detail in the supporting information. In short, we calculate the volcanic anomalies dependent on the ensemble size by randomly drawing 1-100 posteruption winters and reference periods and compute the difference with a paired test design [von Storch, 1999; Wilks, 2011] . By repeating this procedure 5,000 times, we obtain a mean anomaly and a distribution around the mean dependent on the ensemble size. The minimum number of ensemble members needed to identify a significant volcanic response is defined as the ensemble size at which the averaged anomaly is different from zero at the 95% (or 99%) confidence level. For the multimodel mean response to volcanic eruptions, we use the historical simulations of 15 CMIP5 models [Sato et al., 1993; Ammann, 2003; Tanaka et al., 2003; Ammann et al., 2007; Rotstayn et al., 2010; Watanabe et al., 2011; Chylek et al., 2011; Collins et al., 2011; Donner et al., 2011; Gent et al., 2011; Voldoire et al., 2012; Yukimoto et al., 2012; Bentsen et al., 2012; Wu et al., 2013; Hurrell et al., 2013; Marsh et al., 2013; Schmidt et al., 2014] (see supporting information).
Results
The response of the MPI-ESM-LR to volcanic eruption is analyzed first for the Pinatubo eruption in the first posteruption winter (December-January-February; DJF). The warming of about 4 K in the tropical lower stratosphere exceeds the 95% confidence level with two ensemble members, only (Figure 1, left) . This is not surprising, because as MPI-ESM-LR does not simulate a QBO, the internal variability of the tropical stratosphere is small. The observed temperature anomaly is approximately 2-3 K [Labitzke and McCormick, 1992] , hence smaller than the averaged simulated temperature anomaly. Differences to the observed temperature
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are expected, because the model does not simulate a QBO and does not account for changes in the ozone concentration related to volcanic eruptions [Cionni et al., 2011] , which both can substantially influence the temperature perturbation [Ramachandran et al., 2000; Thomas et al., 2009b] . The cooling of the troposphere is significant at low latitudes with already 3-10 ensemble members.
The ensemble size which is needed to exceed the 95% confidence threshold for the zonal mean zonal wind in the NH polar stratosphere crucially depends on the latitude (Figure 1, right) . For the maximum zonal wind anomaly of 3-4 m/s at approximately 60°N and 10 hPa, 15-20 ensemble members are needed to detect a significant response. The simulated maximum anomaly is comparable with reanalysis data in the first post-Pinatubo winter [Toohey et al., 2014] , although it is located further northward and at lower altitude in the reanalysis data. Equatorward of the maximum anomaly, the number of ensemble members decreases to 7-15, whereas poleward up to 40 members are necessary for the same anomaly magnitude. This is due to the internal variability which is larger north of 60°N than south of 60°N in reanalysis data as well as in the MPI-ESM-LR [Schmidt et al., 2013] . Still, the model is able to simulate a significantly strengthened polar vortex, albeit with an ensemble larger than what most CMIP5 models provide. The weakening of the subtropical jet due to low-latitude surface cooling and therefore a decreased tropospheric temperature gradient [Rind et al., 1992; Zanchettin et al., 2012] exceeds the 95% confidence level with 3-5 ensemble members.
We now focus on the NH polar vortex, defined as the DJF zonal mean zonal wind at 10 hPa, averaged between 55°N and 65°N [e.g., Matthes et al., 2006; Butler and Polvani, 2011] . The mean response of the polar vortex to the Pinatubo eruption is a strengthening of 3-4 m/s independent of the ensemble size (Figure 2a ). This is expected because the mean of 5000 resamples should not change significantly if only one ensemble member is drawn or if more ensemble members are drawn and averaged. The confidence intervals, however, change substantially with increasing ensemble size. Only for ensembles larger than 15 members, the positive polar vortex anomaly is significantly different from zero at the 95% confidence level. Almost twice the ensemble size is needed to exceed the 99% confidence level. Most of the CMIP5 models have an ensemble size of 3-5 members, and none has more than 10. Our findings for the MPI-ESM-LR indicate that small ensembles may show no significant response of the polar vortex to the Pinatubo eruption which can be interpreted as a failure, even though the model actually can reproduce a strengthening of the polar vortex but the large internal variability masks the forced response.
To obtain a significant response in observations as well as to circumvent the small ensemble size of simulations, most assessments of volcanic eruptions do not rely on a single or very few cases (like Pinatubo , and minimum number of ensemble members needed to detect the anomaly significantly at the 95% confidence level (shading). White color indicates that the anomaly is not statistically significant at the 95% confidence level with 100 ensemble members.
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and El Chichón) but average over several tropical volcanic eruptions [Stenchikov et al., 2006; Driscoll et al., 2012] . The benefit of a larger sample size comes with the caveat of introducing uncertainty due to the spread of the forcings. Moreover, the historical eruptions which are included are mostly of smaller magnitude than the Pinatubo eruption, and given the large internal variability of the polar vortex, a smaller forcing will be even more difficult to detect. Figure 2b shows that the mean response in the MPI-ESM-LR of the polar vortex after the 1982 El Chichón eruption, which is about one third the magnitude of Pinatubo in terms of SO 2 emission [Bluth et al., 1997] , is not significantly different from zero even with an ensemble of 100 members. Averaging El Chichón and Pinatubo posteruption values yields a mean polar vortex anomaly of approximately 2 m/s but only significantly different from zero at the 95% confidence level with more than 20 ensemble members (Figure 2c ). Thus, doubling the sample size by adding a smaller eruption to the one of Pinatubo reduces the mean response as expected but also increases the ensemble size needed to identify a significant polar vortex response.
However, a strengthened polar vortex was observed after the El Chichón eruption, where the MPI-ESM-LR does not simulate a significant positive anomaly (Figure 2b ). Missing and/or incorrect processes in the model, for example, interactive stratospheric chemistry, the QBO, or uncertainties in the prescribed volcanic forcing, could contribute to a too weak response of the polar vortex, which is an important question for future research. But given the large internal variability of the NH polar stratosphere, it is impossible to attribute the observed polar vortex anomaly after El Chichón to the volcanic forcing alone. The eruptions of El Chichón and Pinatubo both Labitzke, 1987; Manzini et al., 2006] . However, the combination of multiple forcings is not a linear combination of the responses to the single forcings [Calvo et al., 2009] , which makes it difficult to quantify the influence of the volcanic eruptions. Additionally, it has been shown in modeling studies that the initial climate state affects the response to volcanic eruption [Thomas et al., 2009a; Zanchettin et al., 2013] . Pausata et al. [2016] shows, for a high-latitude eruption, that the impact on ENSO strongly depends on the initial state of the tropical Pacific itself, which in turn can affect the polar vortex response. However, due to our large ensemble, we cover a large spectrum of possible states of the central Pacific, which is on average in a neutral state. Satellite observations of the polar vortex after volcanic eruptions are available only for El Chichón and Pinatubo. If one includes only two winters after these eruptions, the sample size of four posteruption winters is very likely too small to allow conclusive statements about the magnitude of the expected posteruption polar vortex anomaly.
It is possible that the polar vortex in the real atmosphere is more susceptible to volcanic forcing than the climate models. Testing this hypothesis is difficult, because of the limited number of volcanic eruptions with well observed stratospheric responses, and because all eruptions will differ among each other not only in their magnitude, but also in their exact location, their eruption season, and their climatic initial conditions, which all might influence the polar vortex response [Toohey et al., 2011; Timmreck, 2012] . With the limited number of observations, it is impossible to conclude that the model underestimates the dynamical response of the NH polar vortex. The polar vortex response in the first two winters following the El Chichón and Pinatubo eruptions in ERA-Interim reanalysis data [Dee et al., 2011] is well within the ±1 standard deviation of the simulated response averaged over 100 ensemble members (supporting information).
Increasing the sample size reduces the uncertainty of the mean polar vortex signal, but the mean signal itself is reduced as smaller eruptions are included in the sample. This poses the question whether there is an "ideal" sample of eruptions for which the volcanic signal can be detected most robustly. When only the strongest eruption over the "historical" period (Krakatau) is considered, 12 ensemble members are necessary to identify the mean polar vortex anomaly of approximately 4.5 m/s (Figure 3) . Adding the Pinatubo eruption to the sample only slightly reduces the mean polar vortex anomaly, but because the sample size is doubled the minimum ensemble size decreases to 7 members. Adding smaller eruptions, in general, further weakens the polar vortex anomaly, but because the eruptions have a much weaker impact on the polar vortex, the minimum ensemble size is always larger compared to the average of Krakatau and Pinatubo.
An ensemble size of 12 members, which is needed in the MPI-ESM-LR when all nine tropical eruptions are considered, is larger than what is available for any of the CMIP5 models. Of course, the exact ensemble size given here is valid only for the MPI-ESM-LR. Other climate models with a different representation of the polar vortex variability and strength as well as a potentially different sensitivity to volcanic forcing may yield a different number of ensemble members. However, the findings presented for the MPI-ESM-LR display that Table S1 (black) and minimum ensemble size necessary to detect a zonal mean zonal wind anomalies significantly different from zero at the 95% confidence interval (orange). The x axis shows the numbers of volcanic eruptions which are averaged to obtain the polar vortex anomaly.
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results gained from small ensembles may lead to false conclusions about the inability of coupled climate models to represent the dynamical response to volcanic eruptions.
To underpin this statement, we analyzed the dynamical response of the zonal mean zonal wind to tropical volcanic eruptions of 15 CMIP5 models. Based on the finding that the most robust response of the NH polar vortex to volcanic eruptions is achieved when only the strongest eruptions, Krakatau and Pinatubo, are considered, we show the zonal mean zonal wind anomaly averaged over these eruptions as well as for the nine strongest eruption in the historical simulations as used by Driscoll et al. [2012] (Figure 4) . A positive wind anomaly in the NH polar vortex region, indicating a strengthening of the climatological westerlies, can be seen even when the nine strongest eruptions are considered. However, the magnitude of the anomaly is of about 1-2 m/s, only, which is much smaller compared to the observed strengthening of the polar vortex after the eruptions of El Chichón and Pinatubo. Still, the models show a consistent behavior with 14 of the 15 models agreeing on the sign of the anomaly. When only the two strongest eruptions are considered, the magnitude of the positive polar vortex anomaly is considerably larger with 4-5 m/s and all models agree on the sign. Hence, a larger and more robust response can be obtained when smaller eruptions are neglected and potentially if all models use identical forcing fields as proposed for the volcanic forcing model intercomparison project (VolMIP) [Zanchettin et al., 2016] . This questions the conclusions of the apparent failure of coupled climate models to reproduce the stratospheric dynamical response to volcanic eruptions drawn from composites which include smaller eruptions.
Summary and Conclusion
We used a 100-member ensemble of historical simulation with the MPI-ESM-LR to quantify the response to tropical volcanic eruptions and its uncertainty associated with internal interannual variability. The focus is on zonal wind changes particularly with regard to a NH polar vortex strengthening. It is shown that stateof-the-art climate models are able to simulate such a strengthening. This evidence, however, depends crucially on the number of ensemble members involved.
In contrast to, e.g., the tropical stratospheric temperature anomalies, a large number of ensemble members are required to detect NH polar vortex strengthening in the first post-Pinatubo winter. This number depends on the latitude considered and ranges from 7 at the southward flank of the maximum positive wind anomaly to more than 40 members at high latitudes. The maximum ensemble mean NH polar vortex anomaly of about 3-4 m/s is significantly different from zero for an ensemble larger than 15 members. Although it is likely that the exact number of necessary ensemble members is model dependent, a too small ensemble can potentially show no significant response to a volcanic eruption due to the large internal variability of the polar stratosphere. Adding smaller eruptions reduces the response of the polar vortex, so that a larger number of ensemble members are required for a statistically significant signal. Thus, increasing the sample size for the sake of better statistics does not necessarily improve the detectability compared to a single, strong eruption.
We cannot rule out the possibility of a too weak model response. The failure to simulate a vortex strengthening after the El Chichón eruption may hint at that, but the observed anomaly might also have occurred by chance. The necessary ensemble size to simulate a significant strengthening of the polar vortex in the MPI-ESM-LR will be influenced not only by the eruption magnitude but also by the interannual variability of the NH polar stratosphere and by the representation of relevant processes. In particular, the lack of the QBO in the MPI-ESM-LR might influence the results, because the QBO impacts the NH polar vortex and its variability [Baldwin et al., 2001; Anstey and Shepherd, 2013] . In the MPI-ESM-LR the interannual variability in DJF is reduced compared to a MPI-ESM model version which simulates a QBO [Schmidt et al., 2013] . Including the QBO can therefore potentially increase the necessary ensemble size. Moreover, the interannual variability of the NH polar stratosphere might change due to increased CO 2 levels and/or changing ozone concentrations. Hence, two eruptions with comparable magnitude might yield a different minimum ensemble size in different climatic background states.
The CMIP5 multimodel mean shows a robust strengthening of the NH polar vortex of about 4-5 m/s in the first winter after the Krakatau and Pinatubo eruptions. Even for the averaged response of the nine strongest eruptions, a strengthening of the polar vortex is simulated, but the magnitude is small. Hence, the coupled climate models do not completely fail to reproduce the observed dynamical response to tropical volcanic eruption, as previously stated [Driscoll et al., 2012] . However, the large internal variability of the NH polar stratosphere hampers the detection of a significant strengthening of the polar vortex when smaller tropical eruptions are included in the sample.
As nature offers only "one realization," the detectability of the volcanic signal in the real atmosphere is problematic, especially in regions with large internal variability such as the NH polar vortex. Attributing the polar vortex anomalies after the two available observed events of El Chichón and Pinatubo to the volcanic forcing is difficult, because the polar vortex is also influenced by other factors such as ENSO, the QBO, and solar irradiance. As demonstrated by the relatively large ensemble needed to identify the response to strong eruptions such as Pinatubo, one must be careful in evaluating the model response using the very limited observational record in the stratosphere after volcanic eruptions.
